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ABSTRACT  
Radiated emission (RE) compliance is one of the most important requirements for 
legal and global marketing of electronic devices. Conventionally, REs are quantified 
using full wave numerical simulations or measurement in semi-anechoic chambers 
(SAC). However, these methods are expensive and time-consuming. Thus, they are 
not suitable for early prediction of RE. This thesis proposes novel analytical methods 
for estimating RE of printed circuit board (PCB) attached with cables at the design 
stage for time and cost saving. First, a novel analytical method has been introduced 
to estimate the RE from electrically long PCB traces based on transmission-line (TL) 
theory, imbalance difference model (IDM), travelling wave antenna (TWA) and 
dipole antenna model. However, this proposed method is limited to PCB-traces with 
Quasi-TEM (QTEM) current distribution. Therefore, artificial neural network (ANN) 
model has been constructed and trained using backpropagation algorithm for 
estimating the RE from electrically long traces beyond Quasi-TEM operation mode. 
Secondly, a novel analytical method was developed to estimate the common mode 
RE from cables attached to a PCB-trace by adopting the IDM in conjunction with 
asymmetrical dipole antenna model. The effectiveness of the proposed methods was 
verified by comparing the predicted results to both 3D HFSS simulation and 
measurement results. The results obtained using the proposed methods were in a 
good agreements with both HFSS simulation results and measurement results with 
accuracy of ±3dB which is acceptable range from design point of view. Finally, 
graphical user interface (GUI) was developed which would be useful for early 
prediction of RE in the electronics industry. These GUIs can be enhanced in future to 
characterize automatically the RE from the entire PCB.  
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ABSTRAK 
Pancaran radiasi (RE) merupakan satu daripada keperluan penting dalam pemasaran 
sah dan global peranti elektronik. Kebiasaannya, RE diukur menggunakan simulasi 
berangka gelombang penuh atau pengukuran di dalam kebuk separa gema (SAC). 
Walau bagaimanapun, kaedah-kaedah tersebut adalah mahal dan memakan masa. 
Oleh itu, kaedah-kaedah tersebut tidak sesuai untuk perkiraan awal RE. Tesis ini 
mencadangkan kaedah analisis untuk menganggarkan RE papan litar bercetak yang 
dipasangkan kabel pada peringkat reka bentuk untuk menjimatkan masa dan kos. 
Pertama, satu kaedah analisis baharu telah diperkenalkan untuk mengganggarkan RE 
daripada laluan elektrik PCB yang panjang berdasarkan kepada teori talian 
penghantaran (TL), model perbezaan ketakseimbangan (IDM), antena gelombang 
kembara (TWA) dan model antena dwikutub. Walaubagaimanapun, kaedah yang 
dicadangkan terhad kepada laluan elektrik PCB dengan pengagihan arus Quansi-
TEM (QTEM). Oleh yang demikian, model rangkaian neural buatan telah dibina dan 
dilatih menggunakan algoritma rambatan belakang untuk menggangar RE daripada 
laluan elektrik panjang melampaui mod operasi Quansi-TEM. Kedua, satu kaedah 
analisis baharu telah dibangunkan untuk menganggarkan mod biasa RE daripada 
kabel yang dipasang kepada laluan elektrik PCB dengan menggunakan IDM beserta 
dengan model antenna dwikutub tak simetri. Keberkesanan kaedah yang 
dicadangkan disahkan melalui perbandingan hasil anggaran dari kedua-dua hasil 
ukuran dan simulasi 3D HFSS. Keputusan yang diperolehi menggunakan kaedah 
yang dicadangkan adalah memuaskan dengan  kedua-dua hasil ukuran dan simulasi 
memperolehi keputusan ketepatan sekitar ±3dB iaitu  julat yang diterima untuk 
sesuatu rekabentuk. Akhirnya, antara muka pengguna bergrafik (GUI) dibangunkan, 
yang bakal berguna untuk anggaran awal RE dalam industri elektronik. GUI ini 
boleh ditambah baik pada masa hadapan untuk menentukan ciri RE secara automatik 
daripada keseluruhan PCB. 
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1CHAPTER 1 
INTRODUCTION 
This chapter describes in details the research background, the focus of this research 
study, the problem statement, research aim, research objectives, research scopes and 
the significance of the study. 
 Research background  
The worldwide proliferation of high-speed digital devices has imposed many 
challenges to the circuit-designers of these modern devices. They must take into 
account not only the product functionality, but also the electromagnetic compatibility 
(EMC) regulatory requirements of their products. Thus, it is important to make those 
electronic devices electromagnetically compatible with mandatory governmental 
regulatory requirements before they can be sold legally and internationally [1], [2].  
Radiated emission (RE) compliance is one of the EMC requirements to 
ensure that the electronic product can function satisfactory without introducing any 
electromagnetic interference (EMI) to the nearby electronic devices. In the past, the 
electronic devices were operating in the low frequency range (less than 1 GHz) 
resulting in lower emissions. Unfortunately, the modern devices are working in 
higher frequencies (i.e. gigahertz range) where they become significant radiators of 
electromagnetic (EM) energy. So the manufacturers of electronic devices must 
control properly the RE of their products before they can sell them globally [3].  
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 Overview of EMC  
According to the glossary of the International Electrotechnical Commission (IEC) 
[4], EMC is defined as the ability of any electronic device or equipment to function 
satisfactorily in its electromagnetic environment, and at the same time, not contribute 
excessive electromagnetic disturbance to other devices/equipment/systems. The 
electronic product may interfere with itself or with another product in that certain 
environment as illustrated in Figure 1.1. In other words, a system or product is 
classified as electromagnetically compatible if successfully fulfilled the following 
requirements [5]-[7]: 
i. it does not cause interference with other systems; 
ii. it can tolerate the radiation or emission from other systems; 
iii. it does not cause interference with itself.  
 
 
Figure 1.1: EMC aspects and their interrelationship [6] 
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1.2.1 EMC standards 
FCC [8] and CISPR [9] standards are the most widely adopted regulations for 
commercial digital products around the world. FCC standard regulates the EM 
emissions of digital devices marketed in US while the CISPR regulations focuses on 
the EM emissions of digital devices sold in other countries of the world except U.S. 
FCC standards classified the digital devices into two classes; Class A and 
Class B [10]. The digital devices intended to be used in a business; industrial, 
scientific and medical fields are classified to Class A, while the digital devices 
applied in a residential environment belong to Class B.  
Commonly, Class A limits are less strict than the Class B limits. This is due 
to two reasons. The first reason is that the interference is more significant in the 
residential environment since the electronic devices are working closer to each other, 
so that it is not easy to minimize the interference effect. The second reason is to 
consider the inability of the owners and users of Class B to protect their devices from 
the electromagnetic interference. FCC standards specified the range for radiated 
emissions from 30 MHz to 1 GHz and it can be extended further up to 40 GHz. 
Figure 1.2 [6] shows the RE limits for Class A and Class B digital devices in the 
FCC standards with 3 meters measurement distance.  
In addition to FCC standards, CISPR is the European standard which had 
been adopted in many countries around the world excepting U.S. One of most 
important CISPR recommendations is CISPR 22 [9] which regulates the EM 
emissions of information technology equipment (ITE). Similar to FCC, CISPR 22 
also classified the digital devices to Class A and Class B. The RE is regulated in the 
frequency range from 30 MHz to 1 GHz. Figure 1.3 [9] shows the radiated emission 
limits for Class A and Class B ITE equipment in CISPR 22.  
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Figure 1.2: RE limits for Class A and Class B digital device in the FCC standards [6] 
In CISPR22, both Class A and Class B are always set at 10 meters distance 
between the digital device under test and the receiving antenna. In contrast to that, 
FCC regulations for Class A digital devices are set at 10 meters whereas Class B 
regulations are set at 3 meters for the digital devices. Hence, the FCC regulations for 
Class A for digital devices can be compared quite straight forward with CISPR 22 
Class A whereas the CISPR 22 Class B for digital devices cannot be compared with 
FCC Class B. 
 
Figure 1.3:  RE limits for Class A ITE equipment in CISPR 22 [9] 
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In this case, FCC limits for Class B digital devices must be scaled at -10.45 dB to be 
compared with the CISPR22 Class B limits. Therefore, the emissions at 3 meters are 
assumed to be reduced by a factor of 3/10 if the measurement distance is moved to a 
farther distance of 10 meters and vice versa. However, most countries adopt the 
CISPR recommendations. This sets limits for the radiated and conducted emissions 
of ITE equipment. Although there are a large number of EMC standards, the primary 
one is the European norm EN 55022. 
 Characterization methods of radiated emissions 
Generally, the radiated emissions of electronic devices can be quantified using 
measurement or modelling methods. Open area test site (OATS) is one of the 
measurement methods preferred by FCC. However, it requires making the test site 
free of the unwanted noise signals which cannot be obtained easily considering the 
widespread of the electronic devices everywhere. Alternatively, semi-anechoic 
chamber (SAC) is employed as test site for measurement of RE. SAC provides an 
all-weather measurement capability as well as security.  
A SAC consists of a shielded room lined with radio-frequency absorber 
material on the sides and at the top of the room to prevent reflections and simulate 
free space. The floor of the room constitutes a ground plane without an absorber, and 
this causes reflections that must be accounted for when performing simulations by 
models as described in details in Chapter 2. 
Although these measurement methods can evaluate the RE accurately, they 
are not proper option to avoid the EMC issues earlier before fabrication of first 
prototype. Alternatively, the RE can be estimated earlier at the design stage of the 
product using one of the modelling methods [3], [6], [10] such as the numerical and 
analytical methods. 
Full-wave numerical solver is one of the modelling methods [11]–[15] used 
to compute numerically the RE of the electronic devices. It employs one of the most 
popular numerical techniques such as Finite Difference Time Domain method 
(FDTD), Finite Element Method (FEM), Method of Moments (MoM) and the Partial 
Element Equivalent Circuit (PEEC) method. These numerical techniques are widely 
employed in a lot of the commercial software such as Ansys High Frequency 
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Structural Simulator (HFSS) [16] which adopts the FEM method. Although those full 
wave numerical solvers can compute the RE accurately, they require extensive 
computational resources and time especially for today’s high speed devices. 
Near Field (NF) to Far Field (FF) transformation is the second modelling 
method for estimating the EMC-RE [17]–[23]. This method is relatively much more 
efficient than the conventional full wave numerical methods. However, it is not easy 
to obtain the equivalent model. In addition to that, it is difficult to adjust the 
dipoles/current sources with the computation time. Furthermore, it still requires the 
first prototype to be built for performing the NF scanning. Hence, it is not suitable 
option for early estimation of RE from electronic devices.  
In this research, novel analytical methods have been developed for RE 
estimation. The analytical methods, however, require to identify the RE sources on 
the electronic product. Two main sources of RE are identified in this study; namely 
PCB-traces and the peripheral cables attached to PCB shown in Figure 1.4. 
 
Figure 1.4: Radiated emissions of PCB attached with cables 
 Problem statement 
The advanced technologies of integrated circuits as well as the ever increasing of 
clock speed toward the Gigahertz range have enhanced the trends to smaller size 
electronic devices. As a result, many electronic devices can work in less space which 
increases the probability of EMI occurrence. So, the circuit designers must take into 
the account the EMC-RE regulatory standards to avoid the excessive EMI above the 
standard limit.  
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Several solutions are available for compliance of the electronic products with 
EMC-RE standards. However, solutions implemented at the end of the design cycle 
resulted in product delays, as well as added cost [24]–[26]. Figure 1.5 shows that 
implementations of EMC in the product phase are expensive and rather iterative 
since it require fabricating the first prototype for measurement of RE. In contrast to 
that, the implementation of EMC at the design stage is relatively cheaper than at the 
production phase. In addition to that,  many solutions and techniques are available at 
the design stage of the electronic device [27]. Therefore, it is becoming critically 
important to include EMC very early in the design phase of high speed systems. 
Hence, properly designed PCB’s can offer a cost-effective approach for achieving 
EMC compliance. 
In the high frequencies, which may be existed due to the harmonics of the 
digital signal outside the operating frequency, PCB has dimensions of the order of 
several wavelengths and therefore it produces a significant amount of emissions. 
Therefore, it is important to focus on the issue of EM emissions from PCBs to 
provide a simple measure of the EMC based performance of PCB to the circuit 
designers.  
 
Figure 1.5: Cost of EMC implementation on the electronic product [27] 
As described previously, the measurement of RE from PCB is not proper 
option since it requires the first prototype to be built which may be involved in the 
redesign process resulting in more delay in product marketing and increasing in the 
unit cost. So, it cannot be employed for early prediction of RE from PCBs. 
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Alternatively, 3D full wave numerical solvers can estimate the RE of PCB 
accurately. Unfortunately, it still requires intensive computational time and powerful 
resources considering the complexity of the today’s high speed PCBs. Therefore, it is 
essential to develop new modelling approach which can estimate the RE from PCB 
accurately and efficiently.  
On PCB level, there are many sources of the unintentional RE located on 
PCB such as the ICs, PCB-traces and PCB-attached cables. However, the two 
predominant sources of RE on PCB are the PCB-traces and the PCB-attached cables 
as shown in Figure 1.6. In high speed PCBs, the traces are electrically long and thus 
become efficient radiators of EM energy.  Therefore, it is important to model and 
estimate the RE produced from these traces.  
In addition to that, PCBs are mostly attached with cables to act as interfacing 
and communication cables with other devices. These cables are well-known as a 
significant source of the unintentional common-mode RE. Thus, it is important to 
take into the account the emission produced from the cables attached to PCB to avoid 
the product failure due to these cables. 
 
              
 
              
Figure 1.6: Basic idea of the proposed models 
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This research clearly address the issue of RE from PCB-traces and PCB 
attached cables. First, a simple circuit consists of source trace and load is analysed. 
Once the RE of this PCB-trace is estimated, the same idea can be employed to 
compute the RE of PCB fully populated by traces. Finally, the compliance of EMC-
RE of entire product can be checked based on these proposed models as shown in 
Figure 1.6. 
 Objectives of the research 
In this research, novel models are proposed for estimating the RE from electrically 
long PCB-traces as well as from cables attached to PCB. Specifically, the major 
objectives of this study are: 
 
i. To investigate and apply novel analytical methods for estimating the RE from 
electrically long PCB-traces. 
ii. To develop novel analytical methods for computing the RE from cables 
attached to electrically long PCB-traces  
iii. To build neural network model for estimating RE of PCB-traces for non-
Quasi-TEM current distribution.  
iv. To verify and validate the proposed models using HFSS simulation and 
measurements in SAC. 
 Scope of the research 
The scope of this research involved analysis, modelling, analytical study, simulation 
and measurement. In order to achieve the objectives, more constraints are applied to 
limit the scope as follows: 
 
i. The PCB traces and the attached cables are electrically long (trace length >> 
wavelength). 
ii. PCBs under test are designed and fabricated with two configurations (single 
sided and double-sided PCB) according to the available resources and 
facilities. 
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iii. The cables attached to PCB-traces are connected at the source / load junctions 
only according to the practical design of PCB-cables structures 
iv. The RE of PCB-traces is studied analytically within the frequency range from 
30 MHz to 3GHz to satisfy the condition of electrically long PCB-traces and 
the condition of QTEM operation mode (cross-section of PCB-trace is short 
compared to wavelength). 
v. The effects of PCB coupling to grounding are omitted. 
 Significance of the research 
Any electronic product needs to be electromagnetically compatible with EMC 
regulations before it can be sold to the consumer. If the product failed to satisfy the 
RE standards, it will require second cycle of redesign and validation. This process is 
rather iterative and thus it increases the unit cost and minimizes the market sharing. 
Therefore, the estimation of PCB RE would give more options in the design 
modification as well as to avoid many of RE issues.   
 This research work focuses on developing new analytical modelling methods 
for estimating the RE of electrically long PCB-traces based on transmission-line 
theory, dipole antenna and travelling-wave antenna. Additionally, novel methods are 
developed for estimating common-mode RE from cables attached to PCB using 
imbalance difference model and asymmetrically dipole antenna. These proposed 
methods can be employed to overcome many realistic problems of PCB-cables 
structure at reasonable computational time with high level of accuracy comparing to 
the experimental results. 
 Organisation of the thesis 
This thesis consists of 7 Chapters. Each chapter is described briefly as follows: 
 
Chapter 1 presents the background of the study, the problem statement, the objective 
of the study, scope and limitations of the research work, and the significance of the 
research.  
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Chapter 2 describes critically the latest literature review of this research and specifies 
the research scope.  Therefore, this research work is comparable with any other new 
research around the world. 
 
The research methodology is given in Chapter 3 which details the approaches taken 
to introduce novel techniques including analyses, modelling, simulation and 
measurement in the semi-anechoic chamber. 
 
Chapter 4 describes the analytical method to determine the RE from PCB traces. It 
presents in details the analytical method for computing both DM and CM RE. This 
chapter describes also the ANN model for estimating the total RE. 
 
The methods for computing the RE of cables attached to PCB are given in Chapter 5. 
A detailed analytical solution has been presented in this chapter for computing RE 
from one or two cables attached to PCB.  
 
Chapter 6 discusses the analysis of the research results based on the works 
introduced in Chapter 4 and Chapter 5. Detailed analysis of all the proposed models 
are presented and verified by comparing with both 3D full wave HFSS simulation 
results and the results taken from measurement in SAC. 
 
Chapter 7 provides a conclusion and details on future work, on how to improve this 
research, and gives suggestions for forthcoming improvement to the research. 
 
 
 
 
 
 
 
 
 
 
 
  
2CHAPTER 2 
LITERATURE REVIEW 
This chapter describes in details the literature related to EM emissions of PCB. First, 
a brief description of the basic radiators such as dipole antenna has been presented. 
Secondly, the main sources of EM emissions on PCB are identified; namely PCB 
traces and PCB-attached cables. Third, the previous studies for estimating the 
emissions produced from the PCB-traces and PCB-attached cables are presented. At 
the end of this chapter, a quick review of the imbalance difference model and the 
artificial neural network are introduced to address the gap of this research work. 
  Fundamentals of the radiating systems 
Basically, EM emission is generated due to the time-varying current flowing through 
the electronic devices. However, these emissions can be produced from intentional 
radiators such as dipole antenna or from unintentional radiators such as the PCBs that 
are designed for specific application. Therefore, it is important to give a brief 
description of the basic intentional radiators for better understanding of the EM 
emissions of PCBs. The most important radiating antennas such as infinitesimal 
dipole, short dipole and long dipole antennas are described in this section. 
2.1.1 Infinitesimal dipole 
For a z-directed dipole located with current I and length dl at the origin of the 
coordinate system, as shown in Figure 2.1, the vector potential ⃗ܣ(⃗ݎ) can be 
expressed as [28]: 
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⃗ܣ(⃗ݎ) = ߤ଴4ߨන ⃗ܬ൫ݎᇱሬሬሬ⃗ ൯ ݁ି௝௞ቚ௥⃗ି௥ᇲሬሬሬሬ⃗ ቚห⃗ݎ − ݎᇱሬሬሬ⃗ ห  ܸ݀ = ߤ଴ܫ݈݀4ߨ ௏ ݁ି௝௞௥ݎ  ܼ଴ሬሬሬሬ⃗      (2.1) 
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Figure 2.1: A z-directed electric point dipole [28] 
 
where  
k  is the free space wave number (k=2π/λ) 
λ           is the wavelength, 
⃗ݎ, ݎ       are the vector and scalar distance from the antenna respectively 
ߤ଴  is the free space permeability  
ܼ଴  is the characteristic impedance of the antenna 
ܫ  is the flowing current on the antenna  
݈݀  is the antenna length 
ܬ  is the electric current density source. 
The electric (ܧሬ⃗ ) and magnetic field (ܪሬ⃗ ) can be obtained based on the following 
expressions [28] 
ܪሬ⃗ = 1
ߤ଴
∇ × ⃗ܣ   (2.2) 
ܧሬ⃗ = 1
݆߱ߝ଴
∇ × ܪሬ⃗     (2.3) 
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D 
Based on (2.1) and (2.2), the electric field components of the point dipole are written 
as [28] 
ܧఏ = −ܫ݈݀ ݇ଶ݁ି௞௥4ߨ ܼ଴ sinߠ ൤ 1݆݇ݎ + 1(݆݇ݎ)ଶ + 1(݆݇ݎ)ଷ൨   (2.4) 
ܧ௥ = −ܫ݈݀ ݇ଶ݁ି௞௥4ߨ ܼ଴ 2 cos ߠ ൤ 1(݆݇ݎ)ଶ + 1(݆݇ݎ)ଷ൨   (2.5) 
ܪఝ = −ܫ݈݀ ݇ଶ݁ି௞௥4ߨ sinߠ ൤ 1݆݇ݎ + 1(݆݇ݎ)ଶ൨   (2.6) 
where the free space impedance ܼ଴ = ටߤ଴ ߝ଴ൗ =377 Ohm. The other components 
ܧఝ  ,ܪ௥  and ܪఏ are zeros. 
According to (2.4), (2.5) and (2.6), it is observed that the radiated field 
depends on the distance from the source to the observation point. Considering 
radiation source with the largest dimension D, the emissions can be divided into 
three regions, namely the reactive near-field ( 362.0 Dr  ), radiating near field   
(  23 262.0 DrD  ) and far field ( 22Dr  ) starting from closest point to 
source to the farthest point [28], as shown in Figure 2.2. In fact the boundaries 
between the regions are only vaguely defined and changes between them are gradual.  
 
 
Figure 2.2: Definition of near-field and far-field regions [28] 
 
The wave impedance, which is the ratio of the electric and magnetic field, 
also depends on the distance from the source. In the far field ( 3r ) , only the 
r 
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radiating term ( r1
 
term) of the field is significant so the electric and magnetic field 
is related by the free space wave impedance as [28]  
ܼ|௥≫ଷఒ = ܧఏܪఝቤ௥≫ఒ = ܼ଴   (2.7) 
But in the near field, the wave impedance varies widely and depends on the 
characteristics of the source. It can be expressed as [28] 
ܼ = ܧఏ
ܪఝ
= ܼ଴ 1 − ݆ 1(݇ݎ)ଷ1 + ݆ 1(݇ݎ)ଶ 
  
(2.8) 
 
Figure 2.3: Wave impedance of electric and magnetic sources [28] 
 
It is well-known that the wave impedance near the electric source is very high 
whereas the wave impedance near the magnetic source is very small as shown in 
Figure 2.3. In the NF situation, the characteristics of the source are reflected in the 
EM wave properties. But in the far-field there is nothing in the field properties to 
identify the characteristics of its source. Thus, the electric/magnetic field components 
in the far-field region ( 1kr ) can be simplified and approximated by [28]  
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ܧఏ ≅ ݆ߟ
݇ܫ݈݀݁ି௝௞௥4ߨݎ  sinߠ   (2.9) 
ܪఝ ≅ ݆
݇ܫ݈݀݁ି௝௞௥4ߨݎ  ݏ݅݊ ߠ    (2.10) 
where η is intrinsic impedance (377 ohm for free space).  The other components 
ܧ௥ ≅ ܧఝ = ܪ௥ = ܪఏ  are approximately zero. 
2.1.2 Short dipoles 
Commonly, the dipoles are classified based on the ratio between wavelength and the 
physical length of the dipole.  While the infinitesimal dipole has a length 50dl , 
the short dipoles are that dipoles with length 5010   dl . 
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Figure 2.4 : A z-directed short dipole [28] 
 
Following the same procedure in Section 2.1.1, the far-field of both the 
electric and magnetic fields can be written as [28]  
ܧఏ ≅ ݆ߟ
݇ܫ݈݁ି௝௞௥8ߨݎ  sinߠ   (2.11) 
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ܪఝ ≅ ݆
݇ܫ݈݀݁ି௝௞௥4ߨݎ  sinߠ   (2.12) 
The other components ܧ௥ ≅ ܧఝ = ܪ௥ = ܪఏ are approximately zero. 
2.1.3 Long dipoles 
The long dipoles are those dipoles with length greater than one tenth wavelength and 
no longer than one wavelength. Although the near field and far fields of the dipoles 
can be expressed analytically, it is very difficult to be obtained for the near fields. In 
addition to that, the most important in EMC is the maximum emission at 3 or 10 m 
far from the source which is in the far-field region. Therefore, we focused on the 
electric field in the far-field region.  Following the same procedure in Section 2.1.1, 
the electric field can be given as [28]  
ܧఏ ≅ ݆ߟ
ܫ݁ି௝௞௥2ߨݎ  ቎cos ቀ݈݇2 cosߠቁ − cos ቀ݈݇2 ቁsinߠ ቏ (2.13) 
The length is varied with maximum one wavelength. However, a special case 
can be extracted by replacing the dipole length by half-wave length 2l . This 
antenna is widely known as half-wavelength dipole antenna which its electric field in 
the far-field region is expressed as [28]  
ܧఏ ≅ ݆ߟ
ܫ݁ି௝௞௥2ߨݎ  ቎cos ቀߨ2 cosߠቁsinߠ ቏ (2.14) 
 Measurement and modelling of EM emissions of PCB 
In Section 1.3, a brief introduction has been presented for the measurement and 
modelling methods of RE. In this section, a detailed description of several 
measurement and modelling methods are introduced. In fact, the modern PCBs 
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compose of ICs, active and passive components, connecting traces, as well as 
input/output ports and attached cables.  
Although the PCB may function properly as it is designed to do, it may 
produce unintentional emissions which may disturb the functional operation of the 
other nearby devices [6]. So, the electronic systems must satisfy all the design 
requirements not only the functional operation but also controlled emissions. Thus 
emissions from electronic equipment have to be compliant with the limits defined in 
national and international EMC standards [29]. Hence, those emissions can be 
characterized using measurement or modelling methods [30] as illustrated in the next 
sections.  
2.2.1 Measurement of EM emissions of PCBs 
Several measurement methods of RE from PCBs are available in the literature such 
as TEM cell method [31], [32] and reverberation chamber method [33] and SAC 
method. However, each method has its own measurement set-up as described in the 
next sub-sections. 
2.2.1.1 TEM cell method  
The emissions of a device under test (DUT) can be measured inside TEM cell, as 
shown in Figure 2.5 in the frequency range from 150 KHz to 1 GHz, and can be 
extended beyond 1 GHz with gigahertz TEM (GTEM) cell [31], [32]. 
In this method, the DUT is positioned in the top or bottom of the TEM cell. 
The RF voltage detected by TEM cell is then passed to the spectrum analyser via pre-
amplifier. The EM emissions of the DUT can be then computed based on the 
detected RF voltage. However, this method requires performing the measurement 
with at least two orientations of DUT to capture the total emission which is time 
consuming process. 
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Figure 2.5: Measurement set-up of EMC-RE using TEM cell [31] 
2.2.1.2 Near-field scanning method 
The other option for measurement of RE is to perform near-field scanning [34] of the 
DUT at the distance less than one sixth of the wavelength. During the scanning 
process, the magnetic probe is positioned closer to the DUT to detect the radiated 
signals as illustrated in in Figure 2.6.  
                      
Figure 2.6: Measurement set-up of RE using NF scanning method [34] 
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The outputs of the probes are then converted to a 2D field map showing the 
field strength distribution. Using NF scanning results, the far-field electric field can 
be computed using one of the transformation techniques [35]–[37]. 
2.2.1.3 Radiation pattern measurement method 
This method is widely used for evaluating EMC-RE because the standard test EN-
55022 [9] adopted this method for measuring the RE of DUT. Based on FCC and 
CISPR 22, the DUT is placed at 10m, or 3m in case of high ambient noise level far 
away from the receiving antenna. A biconical antenna is used as a receiving antenna 
for frequencies below 1 GHz. For frequencies above 1 GHz, a log-periodical antenna 
or a horn antenna should be used. The DUT is mounted on a turntable that can rotate 
through 360° to find the maximum emission. The receiving antenna is scanned in 
height from 1m to 4m to find the maximum level of RE as shown in Figure 2.7. The 
radiation pattern of DUT is then obtained by varying the antenna azimuth and 
polarization through 360° during the measurement. 
                          
Figure 2.7: Measurement of RE using radiation pattern method 
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2.2.1.4 Reverberation chamber method 
In this method, the maximum REs are computed by measurement of the total 
radiated power (TRP) of a DUT instead of direct measurement of the electric field. 
For the purpose of measurement of TRP, an electrically large reverberation chamber 
is used. This chamber is basically highly conductive overmoded enclosed cavity 
equipped with one or more metallic tuners/stirrers [33] to achieve a statistically 
uniform and isotropic electromagnetic environment as shown in Figure 2.8. 
The stirrers are adjusted to rotate very slowly compared to the sweep time of 
the EMI receiver to obtain sufficient number of samples. During a cycle period of the 
stirrers, the maximum received power or averaged received power can be measured 
and recorded. Those recorded signals are then converted to the TRP and the free 
space field strength generated from the DUT.  
Although all the measurement methods provide accurate results, the main 
disadvantage is that they require fabricating the first prototype to be used as DUT. 
Thus, they are not suitable option for early prediction of RE from PCBs. So, it is 
crucially important to employ another modelling approach for estimating the 
emissions of PCBs based on the PCB design specifications before the product is 
fabricated to ensure time and cost savings. 
 
Figure 2.8: Measurement of RE using reverberation chamber method [33] 
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2.2.2 Modelling methods for EM emissions of PCB  
Today, PCBs in high speed devices have a very complex design. Therefore, it is 
difficult and expensive to modify the PCB-layout at the production phase of the 
electronic devices. Thus, it is important to consider EMC-RE at the design process. 
Modelling methods are preferable option since they can estimate the RE of the 
electronic products earlier in the design phase. This section describes briefly several 
modelling methods for computing the RE of PCB such as design-rule checking, 
equivalent modelling and analytical modelling. 
2.2.2.1 Full-wave numerical modelling  
In this method, the entire structure of PCBs must be modelled by discretizing the 
space in terms of grid or mesh and then solving numerically Maxwell equations in 
free space, dielectrics, and conductors. Actually, the physical geometries of all the 
elements (dielectrics, traces, excitations, loads, etc.) are modelled and specific 
attention is given for the material properties and frequency.  
The models are then solved numerically using one of the computational 
electromagnetics (CEM) methods [38]. Many numerical methods have been 
developed over the past decades for solving the Maxwell equations either in 
differential forms such FDTD [14], FEM [39], and transmission line matrix (TLM) 
[40] or integral forms such as MoM [41] and PEEC [42]. Many commercial tools 
have adopted these numerical techniques such as FEKO which adopted MoM  [43], 
FEM based HFSS [16] and CST which employed hybrid methods [44].  
For better illustration of these numerical techniques, detailed descriptions are 
introduced for each technique as follows: 
i. FDTD technique 
In this technique, the structure is chunked into small cells each of which do not 
exceed one tenth of the wavelength of the maximum operating frequency. Figure 2.9 
shows the discretized cell, which is defined as Yee cell [45]. The EM field 
components ZYXZYX E,E,E,H,H,H are given as below. 
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where J is the electric current density,   is the material permittivity and   is the 
material permeability. 
 
Figure 2.9: Electromagnetic field components of one cell using FDTD [26] 
 
It is necessary to compute the electric and magnetic field components of the 
entire structure for solving the equations (2.15) and (2.16). FDTD is a good option 
for computing the maximum RE of PCBs. However, it is not proper option since it 
needs to be involved in post processing to obtain the far-field electric field. 
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i. FEM technique  
FEM is the second technique for finding the maximum RE of PCBs. The entire 
structure is modelled by large number of finite elements each of which has its 
modelling equation. Generally, FEM method can solve more complex geometries 
and more complex loading conditions comparing to the other methods such as 
FDTD. But, it is time-consuming process especially for complex structures of PCBs. 
ii. MoM technique 
In contrast to the FDTD and FEM, this technique does not desire more computational 
process of the structure. Instead, it desires to calculate the boundary values only. As a 
result, it is efficient for solving problems with small surfaces. However, it is also not 
preferred for estimating the RE from PCBs since it still requires intensive 
computational time especially for large structures. 
Although the full wave numerical solvers can provide accurate estimation of 
EM emissions, we can conclude that these numerical solvers are not well-suited 
option due to the huge requirement for computer speed and memory to estimate the 
RE of PCBs. 
2.2.2.2 Design rule checking 
Design rule checker is software that can check whether the rules of design are 
violated or not in the same manner as professional EMC expert does. It reads the 
board layout information from automated board layout tools (such as Allegro, Protel, 
Board Station, etc.) and checks if certain EMC design guidelines have been 
breached. This method does not provide quantitative estimation of EM emissions 
from the PCB. However, it gives indication of the overall correctness of the design. 
DRC can also help to identify and locate the potential source of emissions on the 
designs which is very difficult to point it out. In the recent days, several DRC 
softwares are available such as EMI Stream [46], EMSAT [47], and Zuken CR-5000 
Lightning EMC [48]. 
Although these DRC softwares are easy to use even for non-expert peoples, 
they can do not provide any quantitative estimation of RE from the device. In 
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